Adoptive transfer of antigen-specific CD4 ؉ and CD8 ؉ T cells is one of the most efficient forms of cancer immunotherapy. However, the isolation of antigen-specific CD4 ؉ T cells is limited because only few tumor-associated helper epitopes are identified. Here, we used T cell antigen receptor gene transfer to target CD4 ؉ T cells against an MHC class I-presented epitope of a model tumor antigen. IFN-␥-producing CD4 ؉ T cells were unable to expand in vivo and to provide help for tumor rejection. In contrast, CD4 ؉ T cells producing high levels of IL-2 expanded in vivo, provided help for cytotoxic T lymphocyte-mediated tumor rejection, and developed T cell memory. The data demonstrate in vivo synergy between T cell antigen receptor-transduced CD4 ؉ and CD8 ؉ T cells specific for the same epitope resulting in long-term tumor protection.
T he infusion of allogeneic T cells into patients with leukemia can provide long-term leukemia-free survival. Similarly, the adoptive transfer of Epstein-Barr virus-specific donor-derived T cells has been successfully used to treat Epstein-Barr virus-induced malignancies after allogeneic stem cell transplantation (1, 2) and solid organ transplants (3) (4) (5) . More recently, it was demonstrated that adoptive T cell transfer into patients conditioned by lymphoablative chemotherapy resulted in strong antitumor effects in melanoma patients (6, 7) .
Indirect evidence suggests that the success of the adoptive immunotherapy treatments described above may be related to the use of antigen-specific CD4 ϩ and CD8 ϩ T lymphocytes. For example, in melanoma the clinical response to infusion of CD8 ϩ T cell clones was much less impressive than the effect of adoptive transfer of mixed CD4 ϩ and CD8 ϩ T cells, although a direct comparison in patients after lymphoablative conditioning has not yet been performed (6, 8) . Administration of IL-2 can improve the antimelanoma efficacy of transferred CD8 ϩ T cells (9) , suggesting an important role of this cytokine that is typically produced by CD4 ϩ T helper cells. Superiority of mixed CD4 ϩ and CD8 ϩ T cells was also suggested by adoptive cell transfer experiments in immunocompromised patients at risk of CMV disease. The cell dose of cloned CD8
ϩ T cells used to control CMV was Ϸ1,000-fold higher than the dose of CMV-specific CD8 ϩ T cells given together with CMV-specific CD4 ϩ T cells (10, 11) . The generation of tumor antigen-specific CD4 ϩ helper T cells is limited by the paucity of known MHC class II-binding tumor epitopes and the lack of expression of MHC class II molecules on most tumor cells. In contrast, a large number of CD8 ϩ T cellrecognized tumor epitopes presented by MHC class I molecules has been identified, and in many cases cytotoxic T lymphocyte (CTL) clones against such epitopes were isolated. In this study, we explored in a murine model system whether the T cell antigen receptor (TCR) genes of tumor-specific CTL can be transferred to CD4 ϩ T cells to generate MHC class I-restricted, tumor-specific T helper cells. We show that the TCR specific for an H2-D b -presented epitope of influenza nucleoprotein (NP) can be used to produce H2-D b -restricted, NP-specific CD4 ϩ T cells. Adoptive transfer of CD4 ϩ T cells producing high levels of IL-2 and low levels of IFN-␥ provides help for CTL-mediated rejection of NP-expressing EL4 tumors, whereas adoptive transfer of helper T cells producing high levels of IFN-␥ was ineffective.
Materials and Methods
Mice. C57BL͞6 mice were purchased from Harlan (Harlan UK, Loughborough, United Kingdom) and maintained in the animal facility of Imperial College London. All procedures were carried out according to United Kingdom Home Office Regulations.
Peptides, Cells, Cell Lines, and Transfectants. The influenza virus A NP-derived peptide (ASNENDAM, pNP366), the control peptides pMDM100 (YAMIYRNL) derived from the murine double minute (MDM) 2 protein, and pSV9 (FAPGNYPAL) derived from the Sendai virus (12) , were synthesized by ProImmune (Oxford). Murine splenocytes derived from C57BL͞6 mice were cultured in RPMI medium 1640, 10% FCS͞1% penicillin͞1% streptomycin͞2 mM L-glutamine. Murine bone marrow-derived dendritic cells (DCs) were isolated from C57BL͞6 mice and cultured for 6-7 days in the presence of granulocyte͞macrophage colony-stimulating factor. The murine lymphoma EL4 tumor cell line expresses H2-D b MHC class I molecules but not MHC class II molecules (13) . The stably transfected EL4 NP tumor cells express the influenza virus A NP and were a kind gift from B. Stockinger (National Institute for Medical Research, London). Phoenix-Eco (PhEco) adherent packaging cells (Nolan Laboratory, Stanford University, Stanford, CA) were transiently transfected with retroviral vectors for the generation of cell supernatant containing the recombinant retrovirus required for infection of target cells.
Retroviral Transduction of Murine Splenocytes.
The retroviral vector pMX-TCR␣-IRES-TCR␤ (pMX-F5) was a kind gift from T. Schumacher (Nederlands Kanker Instituut, Amsterdam). The ␣-and ␤-chain TCR genes were cloned from the NP-specific CD8 ϩ CTL clone F5 (14) . The F5 TCR recognizes the influenza virus A NP (NP366-379) peptide in the context of murine D b MHC class I. The PhEco packaging cell line was cotransfected by calcium phosphate precipitation with the pMX-F5 construct and the pCLEco construct. Splenocytes were harvested from C57BL͞6 (H2-D b ) female mice and activated with conconavalin A (2 g͞ml final concentration) and IL-7 (1 ng͞ml final concentration) for 48-72 h. After 48 h, the PhEco supernatant was harvested and used to transduce activated splenocytes by coculture on fibronectin-treated tissue culture plates in the presence of IL-2 (100 units͞ml). The murine CD8␣ gene [a kind gift from R. Zamoyska (National 3 H]thymidine was added to each well. The cells were harvested by using a 96-well plate harvester (Amersham Pharmacia), and thymidine incorporation was measured by using a gamma counter (Wallace, Milton Keynes, United Kingdom).
IL-2 secretion of TCR-td T cells was measured by using IL-2-dependent CTLL cells. The stimulation phase of the IL-2 assay was performed exactly as the IFN-␥ and proliferation assays, and after 24, 48, or 72 h, the supernatant was harvested. CTLL cells (5 ϫ 10 3 )
were added to 50 l of harvested supernatant and incubated for 24 h before [ 3 H]thymidine pulsing and counting as above.
Adoptive Immunotherapy. C57BL͞6 mice (Thy1.2) were conditioned with 600 rad on day Ϫ2. Twelve hours later (day Ϫ1), the mice were injected s.c. with a tumorigenic dose of EL4 NP cells (3 ϫ 10 6 cells in 200 l of PBS). After a further 24 h, mice were injected i.v. with Thy1.1 ϩ TCR-td T cells, Thy1.1 ϩ Mock-transduced (mocktd) T cells, or PBS alone (day 0). Mice were inspected daily and killed when tumor burden exceeded 1 cm 2 or if tumor ulceration occurred regardless of tumor size. Representative surviving tumorfree mice, were rechallenged with tumor cells on day ϩ90. These mice were injected in the right lower leg with 1 ϫ 10 6 irradiated EL4 NP cells. After 5 days, mice were killed, and right and left inguinal and popliteal lymph nodes were stained with anti-Thy1.1 FITC, anti-CD4-allophycocyanin, and anti-V␤11 PE antibodies before analysis by flow cytometry. 
Results

Generation of TCR-td CD4
T cells were V␤11
ϩ CD4 ϩ , and 10-15% were V␤11 ϩ CD8 ϩ , as determined by flow cytometry ( Fig. 1 A and B) . In each experiment, mock-td T cells were used to determine the percentage of CD4 ϩ and CD8
ϩ T cells expressing endogenous V␤11 ( Fig. 1 D and E). Tetramer analysis revealed that the F5 TCR-td splenocytes bound the NP (366-374) H2-D b tetramers, whereas the mock-td splenocytes did not ( Fig. 1 C and F) . Typically, only 40-50% of transduced T cells expressing the introduced V␤11 chain were able to bind NP tetramers (Fig. 1, 
compare B, E, and C). TCR-td bulk T cells were sorted 48 h after transduction into CD4
ϩ and CD8 ϩ cells by using PE-labeled anti-CD4 antibody staining and anti-PE magnetic beads. After 24 h, the sorted populations were further enriched for V␤11 ϩ cells, again by using magnetic bead selection. The TCR-td CD4 ϩ T cells used in all subsequent experiments contained Ͼ99% CD4 ϩ T cells, always with Ͻ1% contaminating CD8 ϩ T cells (Fig.  1G ). After enrichment, Ͼ60% of the CD4 ϩ T cells expressed the . Cells were stained with PE-anti-V␤11, PE-labeled NP tetramer, FITC-anti-CD4, or allophycocyanin-anti-CD8. (G and H) Flow cytometric analysis of purified CD4 ϩ and CD8 ϩ T cells. Forty-eight hours after transduction, TCR-td bulk T cells were sorted into CD4 ϩ and CD8 ϩ T cells by using magnetic beads, followed by enrichment for V␤11 ϩ cells 1 day later. Cells were stained with PE-anti-V␤11, FITC-anti-CD4, and͞or allophycocyanin-anti-CD8, and quadrants were set based on anti-CD4 and anti-CD8 stained mock-td cells. (I and J) Flow cytometric analysis of purified TCR-td CD4 ϩ T cells (I) and TCR-td CD4 ϩ 8 ϩ T cells (J) after retroviral cotransfer of F5 TCR␣, TCR␤, and murine CD8␣ genes. After cotransfer of CD8␣, Ͼ95% of CD4 ϩ T cells coexpressed CD8␣ (TCR-td CD4 ϩ 8 ϩ T cells).
V␤11. The TCR-td CD8 ϩ T cell population was typically Ն95% pure (Fig. 1H) . In some experiments, we introduced the CD8␣ gene together with the F5 TCR genes and purified CD4 ϩ T cells expressing TCR and CD8. Most CD4 ϩ T cells were found to coexpress CD8, as determined by flow cytometry (Fig. 1J ). This expression pattern allowed us to assess the functional activity of the NP-specific, class I-restricted F5 TCR in CD4 ϩ T cells and in CD4 ϩ cells that also expressed CD8, referred to as CD4 ϩ 8 ϩ T cells. Each functional experiment was preceded by flow cytometric analysis to confirm purity of the TCR-td T cell populations.
In Vitro Functional Activity of TCR-td CD4 ؉ and CD8 ؉ T Cells. TCR-td bulk T cells secrete IFN-␥ in response to syngeneic bone marrowderived DCs coated with NP peptide (pNP) but not in response to an irrelevant peptide (pMDM-100) or no peptide. Similarly, with peptide-coated EL4 tumor cells as stimulators, the TCR-td bulk T cells produced IFN-␥ in response to pNP but not pMDM-100 or no peptide. Mock-td T cells did not secrete IFN-␥ in response to any of the above targets. (Fig. 2A) . Functional assays were repeated with purified TCR-td CD4 ϩ T cells and TCR-td CD8 ϩ T cells. Using peptide-coated syngeneic DCs as stimulator cells, 10 pM of pNP peptide was required to induce IFN-␥ secretion by CD8 ϩ T cells, whereas a 10-fold higher peptide concentration (100 pM) was required to trigger IFN-␥ secretion by the CD4 ϩ T cells (Fig. 2B ). Once triggered, TCR-td CD4 ϩ T cells secreted amounts of IFN-␥ equivalent to the TCR-Td CD8
ϩ T cells when stimulated with DC. However, the TCR-td CD4 ϩ T cells produced little IFN-␥ in response to peptide-coated EL4 tumor cells (Fig. 2C) or to EL4 cells transfected with NP (data not shown), whereas the purified TCR-td CD8 ϩ T cells mounted an efficient IFN-␥ response to peptide-coated EL4 cells and EL4-NP cells. We explored whether transcostimulation and͞or the CD8 molecule could rescue the antitumor IFN-␥ response of CD4 ϩ T cells. The addition of syngeneic DCs to the stimulation cultures restored the peptidespecific IFN-␥ secretion of CD4 ϩ T cells to EL4-NP tumor cells (Fig. 2D) . The same effect was observed with allogeneic DCs, indicating that cross-presentation was not involved, and as few as one DC per 1,000 tumor cells was sufficient (data not shown). The introduction of CD8 into TCR-td CD4 ϩ T cells abolished the DC dependence of the IFN-␥ response. Purified TCR-td CD4 ϩ 8 ϩ T cells produced IFN-␥ when stimulated with EL4-NP tumor cells in the absence of DC. (Fig. 2E) .
Surprisingly, we found that the ability of T cells to produce IFN-␥ did not correlate with their ability to proliferate after stimulation with tumor cells. Despite the antitumor IFN-␥ response of TCR-td CD4 ϩ 8 ϩ T cells, these cells proliferated poorly when stimulated with peptide presenting tumor cells (Fig. 3A) . The opposite pattern was observed for TCR-td CD4 ϩ T cells, which proliferated efficiently after stimulation with tumor cells, although they produced little IFN-␥ (Figs. 2C and 3A) . The TCR-td CD8 ϩ T cells efficiently proliferated and produced IFN-␥ after stimulation with tumor cells. There was a correlation between the proliferative potential of helper T cells and their IL-2 production. Stimulation with tumor cells triggered high levels of IL-2 production in CD4 ϩ T cells and reduced levels in CD4 ϩ 8 ϩ T cells (Fig. 3B) . However, the CD4 ϩ 8 ϩ T cells were not defective in IL-2 production, suggesting that the poor proliferation may be related to an antiproliferative effect of IFN-␥ produced at high levels by these cells (15, 16) .
TCR-Td CD4 ؉ T Cells Provide in Vivo Help for CD8-Mediated Tumor
Rejection. We performed adoptive immunotherapy experiments in a syngeneic setting to determine whether CD4 ϩ T cells with an IFN-␥ low ͞proliferation high phenotype or CD4 ϩ 8 ϩ T cells with an IFN-␥ high ͞proliferation low phenotype were more efficient in providing help for tumor rejection. Two groups of 5 C57BL͞6 mice received a tumorigenic dose of EL4-NP cells followed by adoptive transfer of 10 6 purified TCR-td CD4 ϩ or CD4 ϩ 8 ϩ helper T cells. To assess the helper function in vivo, a further group of five mice also received a small dose of 10 4 TCR-td CD8 ϩ T cells, which was insufficient to cause tumor rejection in the absence of help. Tumor protection by large numbers of CTL (i.e., 10 6 TCR-td CD8 ϩ T cells) was T helper cell-independent (data not shown). Fig. 4A shows poor survival of EL4-NP tumor-challenged mice that were treated with PBS (n ϭ 5) or mock-td CD4 ϩ T cells (n ϭ 5). A small improvement was seen in the group of mice (n ϭ 5) that was treated with 10 6 TCR-td CD4 ϩ 8 ϩ helper T cells together with 10 4 TCR-td CD8 ϩ T cell. In contrast, substantial protection was seen in the five mice treated with 10 6 TCR-td CD4 ϩ helper T cells in combination with 10 4 TCR-td CD8 ϩ T cells. To explore whether the NP specificity of the CD4 ϩ T cells was required, tumorchallenged mice (n ϭ 5) were treated in a separate experiment with 10 6 mock-td CD4 ϩ T cells combined with 10 4 TCR-td CD8 ϩ T cells. This resulted in progressive tumor growth in all mice (Fig. 4B) . Similarly, treatment of five more mice with TCR-td CD4 ϩ T cells in the absence of CD8 ϩ T cells was ineffective, indicating that protection required the combination of antigen-specific CD4 ϩ T ϩ ͞V␤11 ϩ T cells were identified in the control PBStreated mice (Fig. 5A) . In tumor-bearing mice treated with mock-td CD4 ϩ T cells, between 0.5% and 1.7% of the gated V␤11 ϩ cells were the transferred T cells (Fig. 5B) . A similar proportion of transferred T cells, 0.5-3.3% of the gated V␤11 ϩ cells, was seen in three tumor-bearing mice treated with TCR-td CD4 ϩ 8 ϩ T cells, suggesting that there was no antigen-driven expansion of these cells compared with mock-td CD4 ϩ T cells (Fig. 5C ). Analysis of a tumor-bearing mouse treated with TCR-td CD4 ϩ T cells showed a large expansion of transferred CD4 ϩ cells (34% of gated V␤11 ϩ T cells) and an expansion of the cotransferred TCR-td CD8 ϩ T cells (13.6% of V␤11 ϩ cells) (Fig. 5D ). Analysis of tumor-free mice 35 and 90 days after adoptive T cell transfer showed persistence and memory development of TCR-td CD4 ϩ T cells. On day 35, the transferred CD4 ϩ T cells were present at a higher frequency than CD4 ϩ 8 ϩ cells (Fig. 6 A and B) , and CD4 ϩ but not CD4 ϩ 8 ϩ T cells responded to tumor rechallenge at day 90 (Fig. 6 C-H) . The memory response of the TCR-td CD4 ϩ T cells at day 90 was associated with a recall response of the TCR-td CD8 ϩ T cells (Fig. 6 F and H) .
Fig. 2. In vitro functional analysis of TCR-td bulk T cells, CD8 ϩ T cells, CD4
Discussion
Several groups have used retroviral TCR gene transfer to produce antigen-specific human and murine T cells (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . This strategy provides for the production of tumor-specific T cell populations for adoptive immunotherapy without the need for in vivo immunization and in vitro T cell expansion. In a previous study (20) and in this report T cells were transduced once on day 2-3 after polyclonal activation and subsequently used on days 5-7 for adoptive transfer without any further in vitro expansion. TCR gene transfer also provides a strategy to generate antigen-specific helper T cells for adoptive cancer immunotherapy. This strategy can be achieved by transfer of MHC class II-restricted TCRs into CD4 ϩ cells (19, 27) or, as shown recently, by transfer of MHC class I-restricted TCRs into CD4 ϩ T cells (28) . One recent publication showed that TCRs isolated from CD8-independent CTL can be functionally active in CD4 ϩ T cells, and another study showed that the cotransfer of CD8␣ and a TCR͞CD3 hybrid construct can be used to produce HLA class I-restricted CD4 ϩ T cells (29, 30) . To date, a possible in vivo role of CD4 ϩ T cells transduced with a class I-restricted TCR in tumor protection has not yet been explored.
Here, we have generated MHC class I-restricted helper T cells that respond to antigen-presentation by MHC class II-negative EL4-NP tumor cells. TCR-td CD4 ϩ T cells proliferated and produced high levels of IL-2 but little IFN-␥, whereas CD4 ϩ T cells transduced with the same TCR and CD8␣ produced high levels of IFN-␥ and reduced levels of IL-2 and proliferated poorly when stimulated with tumor cells. The mechanism by which CD8␣ expression modifies the T cell response is currently unknown. Altered cytokine production might be due to the ability of CD8 to enhance the avidity of TCR͞MHC peptide interaction. For example, a recent study demonstrated that high avidity TCR͞MHC peptide interactions selectively impaired IL-2 production, which is similar to our observation with CD8-expressing helper T cells (31) . Alternatively, the CD8 molecule may alter signal transduction in helper T cells because of its ability to recruit LAT, an adaptor molecule that preferentially associates with CD8 compared with CD4 (32, 33) . It is possible that the observed functional changes of transduced CD4
ϩ T cells reflect a feature of CD8␣͞␣ homodimers. For example, the expression of CD8␣͞␣ homodimers in TCR-td CD4 ϩ cells may result in redirected homing to the gut, as is seen with CD8␣͞␣ positive intraepithelial lyphocytes, which might result in low numbers of T cells in lymphoid tissues. In fact, gene transfer into CD4
ϩ T cells will provide an interesting model to dissect functional activities of CD8␣͞␣ homodimers and CD8␣͞␤ heterodimers in mature T cells.
We show that IL-2 high ͞proliferation high CD4 ϩ T cells effectively provide in vivo help for tumor rejection, whereas IFN-␥ high ͞ proliferation low CD4 ϩ T cells are unable to do so despite having the same specificity. A similar in vivo protective effect has been described for IL-2 high ͞proliferation high CD4 ϩ T cells in HIVinfected patients. Large numbers of these CD4 ϩ T cells were observed in patients controlling virus load, whereas the presence of IFN-␥ high ͞proliferation low CD4 ϩ T cells was associated with uncontrolled virus replication (34) (35) (36) (37) .
In addition to the efficient help for tumor rejection, we also showed that IL-2 high ͞proliferation high CD4 ϩ T cells persist and readily respond to tumor cell rechallenge 90 days after adoptive transfer. This finding is in line with a recent report showing that murine CD4 ϩ T cells producing little IFN-␥ were able to persist in vivo and develop into long-term memory cells, whereas CD4 ϩ T cells producing high levels of IFN-␥ survived poorly in vivo (38) .
Our experiments suggest that an important mechanism by which proliferation competent helper T cells contribute to tumor immunity is by triggering the in vivo expansion of antigen-specific CD8 ϩ T cells. Given separately, neither antigen-specific helper T cells nor CD8 ϩ T cells were able to mediate protection in tumor-challenged mice. It is likely that antigen-specific IL-2 production by helper T cells at the site of tumor growth may enhance local proliferation and retention of CD8 ϩ T cells, as described previously in a murine tumor model (39) .
In our experiments, TCR-td CD4 ϩ and TCR-td CD8 ϩ T cells expanded and persisted at similar frequencies, even when 100-fold more CD4 ϩ T cells were adoptively transferred into the mice. Although this result suggested a competitive advantage for CD8 ϩ T cells, it is possible that some cross-regulation may determine the relative expansion rate of CD4 ϩ and CD8 ϩ cells. For example, the adoptive transfer of 10 6 TCR-td CD4 ϩ cells along with 10 4 or 10 6 TCR-td CD8 ϩ cells (i.e., 100:1 and 1:1 ratios) resulted in similar size 
